Patent foramen ovale (PFO) is an anatomical variant of the interatrial septum with an overall prevalence of 27% in autopsy studies. PFOs have a potential role in causation of stroke, platypneaorthodeoxia, decompression sickness, right to left shunt and migraine headaches. Data regarding percutaneous closure of PFO in low volume tertiary care centers is lacking. Retrospective review of 14 percutaneous PFO closures done in our facility from March 2005 to August 2006 was performed for efficacy of procedure and safety.All patients received clopidogrel for a period of 3 months, and aspirin and subacute bacterial endocarditis prophylaxis for 6 months. Mean age of the study population was 54 years. Fifty percent (7 of 14) of patients experienced an atrial septal aneurysm and 14% (2 patients) exhibited a hypercoagulable state.The indication for closure in 13 patients was transient ischemic attacks or strokes, while one patient had persistent hypoxia due to a severe right to left shunt at PFO. Patients received either a CardioSEAL or Amplatzer device. Deployment rate was 100%. All patients completed a minimum of 6 months of follow-up, with a mean follow-up time of 14.9 ± 7.6 months. No immediate or late bleeding complication occurred in any patient. One patient developed paroxysmal atrial fibrillation and one patient developed thrombotic complications at 7 months post-procedure secondary to the progression of her anal carcinoma and subsequently died. Pending the results of the four large randomized trials that are enrolling patients, percutaneous closure of PFO for cryptogenic strokes is an attractive alternative to lifelong anticoagulation with relatively few complications, even in low volume centers.There are many challenges in the management of this subset of patients, the foremost being the selection of a target patient population. Role of PFO in migraines is less clear. Pat ent foramen ovale (PFO) is an anatomical variant of the interatrial septum, which until recently was believed to be of no clinical importance. Evidence emerging over the past 15 years suggests a role for PFO in cryptogenic stroke, platypnea-orthodeoxia, decompression sickness, right to left shunt and migraine headaches. Better diagnostic modalities for its detection and improved methods of closure, including percutaneous approach have become available for clinical practice.
PFO is a congenital defect occurring in the septum separating the two atrial chambers. PFO provides communication between the atrial chambers of the heart through fossa ovalis on the right side and the ostium secundum on the left side. Septum primum acts as a one-way valve allowing blood flow from the right to left atria, bypassing the lungs. 1 This septum normally remains patent before birth and closes with the first breath of air that a baby takes because of increased left sided pressures. Anatomical closure usually occurs by 2 years of age. However, it remains patent in a subset of the population. Autopsy studies have shown an overall prevalence of 27% in the general population, decreasing with increasing age (35% and 20% in age groups less than 30 years and more than 80 years, respectively). 2 This could be secondary to either selective mortality of patients with PFO with age or late spontaneous closure. The average size is estimated at 4.9 mm with a majority of <10 mm in size. 2 Transthoracic echocardiographic diagnosis requires detection of a shunt with either color Doppler or agitated saline contrast with or without Valsalva maneuver, and its prevalence in the population varies anywhere between 10% 3 to 22% 4 with this technique.
OBJECTIVE
Our objective was to review the safety and efficacy of percutaneous closure of PFO in patients with TIAs or stroke on anti-coagulation or those presenting with significant hypoxia.
METHODS
Fourteen patients underwent PFO closure at our hospital between March 2005 and August 2006. The use of the CardioSEAL and Amplatzer device was approved by the Institutional Review Board. All patients (except one with hypoxia) were evaluated by a neurologist prior to evaluation for the causes of the strokes. All patients had an MRI, carotid Doppler's, transthoracic echocardiography (TTE)/ transesophageal echocardiography (TEE) with agitated saline contrast and pro-coagulation work-up (including protein C and S, antithrombin III, factor V Leiden, antiphospholipid antibodies, lupus anticoagulant and/or homocysteine levels). In 13 of 14 patients, the indication for procedure was recurrent cryptogenic strokes/TIAs, while in one patient the indication was chronic symptomatic hypoxemia. The age of patients ranged from 36 to 73 years. Seven patients had associated atrial septal aneurysm (ASA), and 5 patients had significant recurring symptoms of migraine. Other demographics of the patients are detailed in table 1. Two patients presented with hypercoagulable states. Otherwise secondary workup was essentially negative in all patients. Success was defined as procedural success (deployment of device) in closure of the PFO and also absence of residual shunt on repeat echocardiograms, both immediate and late (6 months).
PROCEDURE
The procedure was done under fluoroscopic guidance with or without the use of an ultrasound. The procedure involved access via the modified Seldinger technique. French sheaths were introduced in femoral artery and vein. The positions of the PFO and atrial septum were reviewed by advancing an intracardiac echocardiogram catheter into the right atrium. All patients received a heparin bolus. A wire then was used to cross the PFO. The catheter was then advanced into the left upper pulmonary vein. An Amplatz wire was advanced into the left upper pulmonary vein. The catheter was then exchanged for a sizing balloon. Balloon sizing was done before echo and fluoroscopic evaluation. An intracardiac echocardiogram was used to get the diameter at full closure of the PFO. The size of the device to be used was based on these measurements. The balloon catheter was then exchanged with the delivery catheter for the CardioSEAL/Amplatzer device. The CardioSEAL/Amplatzer device was then advanced into the left atrium under both fluoroscopic guidance and intracardiac echocardiographic guidance, and the left atrial umbrella/disc was opened. The device was then pulled back to keep it snugly attached to the left atrial side of the intra-atrial septum and the right atrial umbrella/disc was released. Upon confirmation of the position and stability by fluoroscopy and intracardiac echocardiogram (figure1), the device was released successfully. 
RESULTS

Immediate Results
Successful closure of the PFO without any evidence of residual shunt was achieved in all patients without any complications including problems such as arrhythmias, stroke, myocardial infarction, bleeding, blood transfusion, emergency bypass, renal failure and allergies during, or immediately after, the procedure. All patients were discharged the day after procedure unless the patient had other medical co-morbidities unrelated to the procedure. All patients had a chest x-ray and echocardiogram within 24 hours of the procedure to rule out pericardial effusions. As described, the CardioSEAL device (figure 2) was used in 10 patients and Amplatzer (figure 3) was used in the remaining 4 patients. The mean diameter of the device was 23.86 mm.
Follow-up
All patients were followed, at a minimum, for 1 month and 6 months post-procedure. The mean follow-up time was 14.9 ± 7.6 months. Echocardiogram with bubble contrast was obtained 6 months post-procedure. All patients received the loading dose of Plavix in the catheterization laboratory and remained on Plavix for a period of 3 months, aspirin (325 mg) for 6 months and subacute bacterial endocarditis prophylaxis for 6 months.
None of the patients had any recurrence of stroke/paradoxical embolism. Four of five patients with migraines had complete relief of symptoms and one patient developed paroxysmal atrial fibrillation. One patient with anal carcinoma developed deep venous thrombosis, right atrial thrombus and right ventricular thrombus 7 months post-device placement. Her thrombus was presumed secondary to progression of anal carcinoma and she died shortly afterwards. No symptoms of endocarditis, effusion or inter-atrial shunt were noted in all other patients.
EPIDEMIOLOGY
Stroke is the third leading cause of death in the United States afflicting 700,000 patients each year. 5 Of these, 200,000 are recurrent attacks. 5 While a specific etiology can be found in approximately 60% to 70% of patients experiencing ischemic stroke, 6, 7 no etiology can be found in the remaining patients and these are appropriately termed "cryptogenic strokes." 8 In the subset of patients less than 55 years of age, cryptogenic stroke accounts for about 64% of patients. 9 Recurrence rate of all strokes is around 9.4% annually, and is 10% annually for cryptogenic stroke. 10 PFO was linked to cryptogenic stroke as early as 1877, 11 and was first reported by Lechat et al in 1988 in a subset of the population. 3 Sixty stroke patients younger than 55 years were compared to controls for the presence of PFO with contrast echocardiography. Ten percent of controls had PFO, while 40% of patients with stroke had PFO. This association jumped to 54% in patients with cryptogenic stroke. 3 In contrast, Di Tullio et al reported a significant association in all age groups. 12 A meta-analysis of all the studies for association of cryptogenic stroke, PFO and ASA found significant association between PFO and cryptogenic strokes in patients younger than 55 years but not above that age. 13 However, these studies were subject to potential bias since the echocardiography reader was not blinded to the indication of the echocardiography. Those studies most subject to potential bias are diagnostic studies, where detection depends on the technique and thoroughness of the echocardiographer. 14 A blinded study by Homma et al 15 showed a significant association of cryptogenic stroke with PFO, and also demonstrated that larger PFOs had stronger association with stroke.
PATHOPHYSIOLOGY OF STROKE IN PFO
PFO has a general prevalence of 27% but stroke occurs only in a small fraction of this population. The incidence rate of cryptogenic stroke among populations with PFOs is only 1 in 1000. 16 Although many mechanisms of causation of stroke in patients with PFO have been postulated, there are still unanswered questions.
Paradoxical embolism through PFO is postulated to be the primary mechanism. Several findings in this subset of patients support this hypothesis:
1. Right to left shunt has been shown to occur with normal atrial pressures in Valsalva maneuver (after release phase), during coughing, during mechanical ventilation and with increased right atrial pressure from pulmonary embolism, chronic lung disease and right heart failure. 17, 18 Stroke patients have higher rates of PFO patency at rest without any induction maneuvers. 19 2. Deep vein thrombosis is detected only in a small percentage of patients with cryptogenic stroke, 20 but this prevalence is definitely higher when compared to controls with stroke of determined origin or no stroke. Delay in performing diagnostic Doppler studies has been implicated in failure to detect deep venous thrombosis in a higher percentage of populations. 14 Brain tissue is more sensitive to ischemia. Therefore, small embolic fragments (1 mm in diameter) too small to cause pulmonary embolism can cause brain infarction. 8 3. Size of PFO and amount of shunting had a direct correlation with the prevalence of cryptogenic stroke 21, 22 as opposed to stroke with determined causes or normal controls. Surprisingly size of PFO had no relation to the recurrence rates of strokes. 15 Other postulated mechanisms for stroke include in situ thrombus formation secondary to stasis of blood in the PFO canal based on observations in TEE or surgery or at autopsy. 19 Atrial arrhythmias, although postulated as a possible cause, are rare in patients with PFO and stroke, unlike the presence of atrial septal defects which predispose patients to atrial fibrillation. 14 The definition of cryptogenic stroke was established in the Trial of Org 10172 in Acute Stroke Treatment (TOAST) study, where the term cryptogenic stroke was applied if a brain infarction could not be attributed to any specific category of cardioembolism, large artery atherosclerosis or small artery disease even after extensive evaluation that included imaging, cardiac and serologic studies. 23 Thus, the workup of these patients should include brain imaging with computerized tomography (CT) or magnetic resonance imaging (MRI), vascular imaging including carotid Doppler's, and angiography (magnetic resonance or CT or conventional). Cardiac workup should include electrocardiogram (EKG), Holter monitoring and echocardiography or TEE assessment. Other basic labs like complete blood count, electrolytes, fasting lipids, fasting glucose, HgbA1c, serology for syphilis (venereal disease research laboratory, rapid plasma reagin) and hypercoagulability workup that includes protein C and S, antithrombin III, factor V Leiden, antiphospholipid antibodies, lupus anticoagulant and homocysteine levels are also obtained. 24 Although the risk of atherosclerotic disease is low in young patients, evaluation can be tailored to evaluate other causes of stroke.
MIGRAINE AND PFO
Studies have shown an association of PFO with migraines. Retrospective analysis in patients where PFO was corrected showed significant resolution or improvement of migraine symptoms. [25] [26] [27] [28] [29] Higher correlation of migraines with aura compared to migraines without aura were reported in patients with PFO. PFO may have played a role in the transport of small paradoxical emboli to the vertebro-basilar system and was associated with increased levels of vasoactive chemicals (including amines, and atrial natriuretic peptide) reaching cerebral circulation through bypass of pulmonary circulation through the shunt. 30 At the 2006 annual meeting of the American College of Cardiology, preliminary findings of the Migraine Intervention with STARFlex Technology trial (MIST) reported a 42% incidence of a 50% reduction in headache days when comparing patients with device closure as per their headache days before closure and during followup. The respective reduction in the sham-placebo patients was 23% (P=0.038). However, a preliminary endpoint for complete resolution of headache was not achieved. 31 
DIVING AND PFO
The possibility of neurological decompression sickness being related to PFO was not advanced until the late 1980s and early 1990s because of the complex physiology involved in both conditions. Retrospective studies performed since then have shown an increased prevalence of PFO in divers with decompression sickness compared with controls. Odds ratio (OR) of experiencing decompression sickness when diving with PFO was postulated to be 2.6. 32 The mechanism postulated to underlie decompression sickness in divers involves bypass of the pulmonary filter through the shunt.
DIAGNOSIS OF PFO
Initial screening is done with TTE using color Doppler and agitated saline contrast. 33 Trans-cranial Doppler examinations with Valsalva and bubble test can also be used as an initial screning test (has higher sensitivity, lower specificity than TTE). The agitated saline contrast study with TEE and Valsalva maneuver is the gold standard test for the detection of PFOs. Saline contrast is a first-generation contrast agent first described in the late 1960s. 34 As opposed to second-generation contrast agents, air contrasts can only opacify the right heart. Bottled saline with benzyl alcohol is used to increase the half-life of air bubbles. 33 Dedicated echocardiographic contrast media are available which are easier to handle, but costly. Micro-bubbles larger than 8 microns become fractured due to the size of the pulmonary capillaries through which they pass and are subsequently dissolved in approximately 0.19 seconds. Pulmonary transit time is somewhat longer at 1.6 seconds when compared to the time taken for dissolution. 35 Thus, no bubble should be seen on the left side of the heart and any bubbles present would be too small to be seen by fundamental imaging. Subsequent development of second harmonic imaging for TTE has indeed detected some micro-bubbles due to improvements in visualization technology. 35 With TTE, the apical 4-chamber view or subcostal windows are used for visualization of contrast in the right heart and appearance of contrast (even one bubble) in the left atrium in 3 cardiac cycles is indicative of intracardiac shunt, while the appearance of contrast after 3 cardiac cycles is indicative of intra-pulmonary shunt. 35 Maneuvers like Valsalva, deep inspiration or cough may be needed to increase the sensitivity of the test. Administration of contrast through the femoral vein as opposed to the ante-cubital vein has shown to increase sensitivity of detection of PFO. This is due to the fact that blood from the superior vena cava is directed towards the tricuspid valve, while venous return from the inferior vena cava is directed towards the PFO. 34, 35 TEE is done for all borderline TTE studies or in patients with a high clinical suspicion of PFO with normal TTE. 
TREATMENT OPTIONS
Treatment of patients with PFO and cryptogenic strokes is complicated because there are no large randomized controlled trials comparing efficacy of various treatment modalities including medical management (antiplatelet therapy versus anticoagulation with warfarin), percutaneous closure of PFO or surgical closure. However, evidence-based literature has provided some insights.
Medical Management
Aspirin is believed to play a role in management by preventing the formation of platelet or fibrin aggregates that are responsible for paradoxical embolism. Mas et al 37 showed that the risk of recurrent strokes in patients with isolated PFO and cryptogenic stroke treated with aspirin is comparable to patients with no PFO or ASA (2.3% vs. 4.2%). However, the recurrence rate was high in the group of patients with both PFO and ASA (15.2%, 95% confidence interval [CI], 1.8 to 28.6). A meta-analysis of five retrospective cohort studies showed that warfarin was superior to aspirin in preventing recurrent strokes in patients with PFO and stroke (OR 0.37, 95% CI, 0.23 to 0.60), while surgical closure was comparable to warfarin use for the same purpose (OR 1.19, 95% CI, 0.62 to 2.27). 38 On the other hand, investigators of the Patent Foramen Ovale in Cryptogenic Stroke Study (PICSS) comparing warfarin versus aspirin use in patients with PFO and stroke (either cryptogenic or known sub-type) reported no difference in incidence of recurrent strokes between groups. 15 Another study involving 92 patients failed to show a difference between warfarin and aspirin use in similar subgroups of populations. 39 However, limitations of these studies included inadequate sample size, inadequate follow-up and lack of homogeneity among comparison groups, preventing comparison of their outcomes with other studies.
Mechanical Closure
Surgical treatment Direct closure of the PFO was evaluated in a few studies which had varied results. Dearani et al 40 followed 91 patients for 2 years after direct closure of PFO and found that 92.5% and 83.4%, respectively were free of transient ischemic attack (TIA)/stroke at the end of 1 year and 2 years. The only risk factor predicting the recurrence was occurrence of multiple TIA/strokes prior to the procedure. 40 In a study by Devuyst et al, 41 surgical closure of PFO in patients less than 60 years of age with a high risk of recurrence (e.g., recurrent TIA/strokes, PFO with ASA, >50 micro bubbles in left atrium on contrast studies, Valsalva maneuver/cough preceding stroke) found no evidence of TIA/strokes at the end of the 2-year follow-up. 41 Homma et al 42 published data in 28 patients treated with surgical closure. At 13 months of follow-up, a 19.5% recurrence of events (strokes/TIAs) in all patients was noted. None of the patients less than 45 years of age (17 patients) experienced recurrence, while 4 of the 11 patients aged 45 years or above experienced recurrence of events. 42 The surgical approach is associated with significant morbidity (around 21%) in the form of atrial fibrillation, infection, bleeding or tamponade. 40 The associated mortality rate of atrial septal defect closures by thoracotomy is around 1.5%. 43 Percutaneous trans-catheter closure Secundum atrial septal defect closure via percutaneous transvenous approach was first attempted in 1975. 44 The first case series reporting the successful transcatheter closure of PFO in 36 patients was published in 1992. 45 Subsequently, the results with closure devices are associated with improved outcomes.
Schrader 46 reported one of the largest series of PFO transcatheter closures involving 457 patients (169 with ASA) from 1994 to 2003. Thirteen percent of 277 patients who completed the 6 month follow-up had a residual shunt, while 6.5% of 111 patients had residual shunt at the 12 month follow-up. The rate of event recurrence including stroke/TIAs was 1.9% per year. 46 With reference to complications, no wire fractures occurred in devices used since 2000, 3% developed thrombi that were transient and 4 patients developed pericardial effusions. 46 In a different case series involving closure in 1000 patients with either atrial septal defect or PFO, thrombus was seen in only 20 patients. 47 There are no randomized controlled trials that compare medical therapy versus percutaneous closure in patients with PFO. Recently, a nonrandomized, prospective, patient preference case series comparing antiplatelet therapy (44 patients) and percutaneous closure (48 patients) was published. 48 All patients had at least 2 years of follow-up. The recurrence rates of embolic events in the medical therapy group and percutaneous closure group were 14.75% and 0%, respectively (p<0.001). In the PFO group, all patients had complete closure at 6 months and had no complications. In contrast, 6% and 13% of patients in the antiplatelet group had major and minor hemorrhagic events, respectively. 
FUTURE ROLE OF PROCEDURE
The percutaneous closure is associated with very few complications compared to the surgical closure involving thoracotomy. Percutaneous closure offers a viable alternative to pharmacological treatment, if benefits are seen in randomized controlled trials. Success and outcomes of PFO percutaneous closure in a low volume center has been reported in one other study recently. 50 In addition, the quality of devices used for closure has improved rapidly in the past decade, with decreasing incidence of in situ thrombus formation noted at the device site. 48 There are many challenges in the management of this subset of patients, the foremost being the selection of a target patient population. The benefit of PFO closure in older patients should be evaluated by better studies because they are prone to atherosclerosis and thrombogenesis in the left side of the heart, rendering any attempt at preventing strokes via PFO closure ineffective. 46 In spite of the increasing use of percutaneous closure in patients, well-designed randomized controlled trials comparing medical therapy and surgical closure with percutaneous closure are needed before this procedure becomes a standard of care accepted by all physicians.
IMPACT ON CARE
The impact of PFO closures on health care systems and patients' lives should be addressed in a systematic way taking into consideration the frequent recurrence of strokes and their devastating impact on patients. The cost-to-benefit ratio of the procedure should be considered relative to quality-of-life improvement achieved by prevention of one stroke. In addition, costs incurred by the healthcare system in association with multiple evaluations and hospital admissions for each recurrence of stroke are formidable. The same arguments apply to promoting the procedure for treatment of patients with migraines. In the coming years, percutaneous closure is expected to gain wider acceptance and application, if the ongoing randomized trials do show a significant benefit compared to other modalities of treatment.
